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ABSTRACT 

A  field  emission  electron  beam  gun  is  repetitively 
pulsed  with  a  modulator  in  a  Blumlein  arrangement.  The 
modulator  is  operated  in  an  unmatched  condition  with  the 
output  connected  directly  to  the  gun.  The  gun  is  a  time 
varying  monotonically  decreasing  impedance  load  while  the 
modulator  impedance  is  constant.  The  modulator-gun  config¬ 
uration  produces  an  initial  voltage  peak  which  approaches 
twice  the  value  of  the  charge  voltage  to  promote  gun  emission. 

After  the  initial  peak  the  load  voltage  plateaus  at  a  value 
determined  by  the  gun  impedance.  Peak  voltages  in  excess 
of  350  kV  and  peak  currents  up  to  8  kA  have  been  delivered 
in  5  ys  pulses  by  the  modulator  to  the  gun.  The  modulator 
routinely  operates  at  50  Hz  repetition  rate,  135  kV  recharge 
voltage  and  about  3  amps  of  average  current. 

Introduction 

The  modulator  and  electron  beam  gun  described  in  this  paper  are  a 
part  of  a  repetitively  pulsed  CO2  laser  system  called  CCEBL  (an  acronym 
for  Cold  Cathode  Electron  Beam  Laser)  operating  at  the  US  Army  Missile 
Command.  The  CCEBL  uses  an  unmodulated  sustainer  field  as  shown  in 
Figure  1.  The  voltage  on  the  sustainer  capacitor  is  at  a  value  below 
laser  gas  breakdown.  Conduction  occurs  when  electrons  from  the  electron 
beam  gun  are  injected  into  the  sustainer  field  region.  Conduction  ceases 
when  the  electron  beam  gun  is  turned  off.  Since  the  electron  beam  gun 
controls  sustainer  conduction  and  hence,  laser  action,  the  modulator-gun 
interface  is  the  determining  factor  in  the  operation  of  the  CCEBL. 

Cold  cathode,  or  field  emission,  electron  beam  guns  similar  to  the 
one  described  in  this  work  have  been  used  in  CO 2,  CO,  excimer,  and 
electrically  initiated  chemical  laser  systems.  Most  of  these  laser 
applications  have  been  in  Marx-generator  driven  single  pulse  systems. 

A  GIN-400  generator  was  used  to  provide  up  to  300  kV,  500  A  pulses  of 
about  1-ys  duration  at  a  5  Hz  rate  to  a  cold-cathode  electron  beam  gun 
used  in  a  CO2  laser.1  A  15-cm  by  50-cm  cold-cathode  electron  beam  gun 
has  been  operated  at  a  50-Hz  rate  using  a  lumped  element  line  driver, 
pulsed-transformer  combination. 2  The  open  core  pulse  transformer  had  a 
secondary  to  primary  turns  ratio  of  17.5  to  1  and  provided  250  kV, 

750  A  pulses  of  3  ys  duration  to  the  gun.  This  paper  describes  the 
characteristics  of  the  first  Blumlein  modulator  driven  repetitively 
pulsed  cold-cathode  electron  beam  gun. 
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Gun  Characteristics 

The  diode  gun  used  in  this  work,  designed  with  the  aid  of  John 
Rink3,  is  shown  schematically  in  Figure  2.  A  stainless  steel  gun  vacuum 
chamber  housed  the  aluminum  cathode  structure,  consisting  of  a  15 -cm 
wide  by  1.3-cm  thick  plate  surrounded  by  a  5-cm  diameter  field  grading 
ring.  A  single  2-meter  long,  25-ym  thick  tantalum  strip  emitter  is 
mounted  at  the  center  of  the  cathode  normal  to  the  plate.  The  emitter 
edge  projects  1.5-cm  from  the  front  surface  of  the  cathode.  The  cathode 
is  mechanically  held  in  the  rear  by  two  lucite  high  voltage  bushings 
separated  by  1.22  m.  Beldon  YR-13181  coaxial  cable  is  used  to  make 
electrical  connection  to  the  cathode  through  the  oil-filled  bushings. 

The  gun  anode  consists  of  the  flat  stainless  steel  plate  and  beryllium- 
copper  foil  holder  shown  to  the  left  in  Figure  2.  The  foil  holder  was 
slotted  to  provide  about  70%  open  area.  The  electrons  accelerated  into 
the  slotted  areas  transmit  into  the  laser  gas  region  (sustainer  region) 
through  a  25-ym  thick,  15-cm  by  200-cm  wide  aluminum  foil.  In  addition 
to  serving  as  a  transmissive  element  for  the  electrons,  the  aluminum 
foil  window  is  a  vacuum  seal  between  the  atmospheric  pressure  laser  gas 
mixture  and  the  4  X  10  6  torr  gun  pressure. 

An  excellent  physical  explanation  of  the  operation  of  the  cold- 
cathode  electron  beam  gun  is  given  in  reference  4.  The  main  gun  features 
gleaned  from  this  reference  are:  electron  emission  is  from  a  plasma 
initiated  at  the  emitter  strip,  gun  current  reaches  the  space  charge 
limited  value  near  the  beginning  of  the  pulse  (in  about  2  ys4) ,  and  for 
constant  gun  voltage  temporal  current  rise  occurs.  This  latter  feature 
results  in  a  time  varying,  monotonically  decreasing  gun  impedance. 

Typical  cold-cathode  electron  beam  gun  voltage  and  current  temporal 
behavior  obtained  with  Marx-generator  excitation  is  illustrated  in 
Figure  3.  These  data  were  obtained  using  a  two  stage  Marx-generator 
with  0.925  yF  per  stage  and  charged  to  100  kV.  Gun  anode-cathode 
spacing  d^,  the  distance  between  the  tantalum  strip  emitter  edge  and 
the  inner  surface  of  the  foil  holder,  was  15-cm  in  Figure  3.  The 
temporal  behavior  of  gun  impedance  for  the  experimental  conditions  of 
Figure  3  is  illustrated  in  Figure  4.  Impedance  is  calculated  by  dividing 
the  voltage  by  the  current  in  Figure  3  on  a  point-by-point  basis.  Zero 
time  in  Figure  4  is  taken  to  correspond  to  Marx-generator  errection  time. 
During  the  initial  2  ys  of  the  pulse  triggering  noise  obscured  the  voltage 
and  current  traces  in  Figure  3.  Hence,  the  data  were  averaged  in  this 
region.  This  is  indicated  by  the  broken  line  in  Figure  4.  The  time 
varying,  monotonically  decreasing  behavior  of  cold-cathode  electron-beam 
gun  impedance  is  clearly  illustrated  in  Figure  4. 

Modulator  Requirements  and  Design 

In  addition  to  matching  to  a  time  varying  impedance  similar  to 
that  illustrated  in  Figure  4,  the  modulator  should  satisfy  the  following 
requirements  for  efficient  gun  operation: 

(1)  High  initial  voltage  is  required.  The  electric  field  on 
the  tantalum  strip  emitter  must  be  greater  than  107  V/cm  to  produce 
initiation. 4 

(2)  Initial  voltage  risetime  should  be  short.  A  high  dV/dt 
is  required  to  produce  a  multitude  of  initiation  sites  on  the  tantalum 
strip. 4  A  dV/dt  of  at  least  200  kV  in  less  than  100  nsec  would  be 
desirable  in  the  CCEBL  system. 

(3)  High  voltage  throughout  the  pulse  is  required.  This 
would  insure  minimum  aluminum  foil  window  heating  and  adequate  electron 
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range  to  uniformly  ionize  the  laser  gas.  About  200  kV  would  be  desirable 
in  the  CCEBL  system. 

(4)  A  very  fast  voltage  fall  at  the  end  of  the  pulse  is 
required.  This  is  needed  to  reduce  aluminum  foil  window  heating.  At 
100  kV  more  than  30%  of  the  electron  energy  is  deposited  in  the  aluminum 
foil.  This  percentage  increases  with  decreasing  voltage. 

The  initial  modulator  designed  to  satisfy  the  above  requirements 
used  PFN's  in  a  Blumlein  arrangement  and  a  clamper  circuit  to  compensate 
for  the  time  varying  gun  impedance.5  Alchough  the  original  design  con¬ 
cept  is  valid,  diode  reliability  problems  were  encountered  due  to  the 
high  voltage  and  current  operating  conditions  of  the  clamper.5  This  led 
to  the  modulator  redesign  shown  schematically  in  Figure  1.  There  is  a 
distinct  design  philosophy  difference  between  the  initial  modulator 
design  and  the  present  design.  Initially,  with  the  use  of  a  clamper 
circuit,  the  voltage  was  constant  across  the  gun.  The  present  modulator- 
gun  configuration  produces  an  initial  voltage  peak  which  approaches 
twice  the  value  of  the  charge  voltage  to  promote  gun  emission.  After 
the  initial  peak,  the  load  voltage  plateaus  at  a  value  determined  by 
the  gun  impedance. 

The  gun  modulator,  as  shown  in  Figure  1,  uses  two  ten  stage  PFN's 
in  a  Blumlein  arrangement  as  before.5  However,  the  only  diode  used  in 
the  present  modulator  is  the  front-end  clipper  diode.  The  charging  diode 
was  replaced  with  a  260-ohm  charging  resistor.  The  end  of  line  clipper 
consisting  of  a  resistor  and  diode  in  series  was  replaced  with  an  end 
of  line  termination  consisting  of  a  resistor  and  capacitor  in  series. 

The  resistor  value  is  equal  to  the  PFN  impedance  value  of  17-ohms  and 
the  capacitor  value  is  0.02  yF.  This  value  was  chosen  to  be  close  to 
the  0.016  yF  value  of  PFN  capacitance  per  stage.  Both  the  resistor  in 
the  end-of-line  termination  and  the  charging  resistor  are  used  to  dissi¬ 
pate  the  reflected  energy  resulting  from  either  non- initiation  of  the 
gun  or  gun  arcs.  Two  parallel  15-m  lengths  of  60  £2  Beldon  YR-13181 
coaxial  cable  are  used  to  interconnect  the  modulator  and  gun.  This 
minimizes  loop  inductance  and  also  offers  an  approximate  impedance  match 
between  the  34  £2  modulator  impedance  and  the  gun  impedance. 

Modulator-Gun  Performance 

Single  shot  gun  voltage  -  current  behavior  is  shown  in  Figure  5 
for  an  anode-cathode  spacing  of  17.5  cm  and  charging  voltages  of  125  kV 
and  175  kV.  Peak  voltages  are  210  kV  and  260  kV  or  1.7  and  1.5  times 
the  charge  voltages  of  125  kV  and  175  kV,  respectively.  The  lower  rela¬ 
tive  peak  value  at  175  kV  charge  results  because  the  PFN  voltage  reaches 
the  gun  initiation  voltage  value  of  about  150  kV  sooner  at  175  kV  than 
at  125  kV  charge.  Gun  conduction  loads  the  PFN  preventing  it  from 
reaching  the  open  circuit  value  of  twice  the  charge  voltage.  Gun  impe¬ 
dance  for  the  above  conditions  is  shown  in  Figure  6.  Note  that  the  gun 
impedance  at  175  kV  charge  is  always  less  than  the  impedance  at  125  kV 
charge.  This  voltage  dependance  of  impedance  is  due  to  the  space  charge 
limited  conduction  characteristics  of  the  gun.  That  is,  the  initial 
current  is  proportional  to  voltage  to  the  three-halves  power.  The 
impedance  levels  in  Figure  6  show  that  the  modulator  operates  with  a 
positive  mismatch  during  most  of  the  pulse  and  a  negative  mismatch  at 
the  end  of  the  pulse. 

The  voltage  risetime  of  the  modulator  is  about  1  ys,  as  shown  in 
Figure  5.  The  loop  inductance  of  both  PFN's  in  series  accounts  for 
0.8  ys  of  the  risetime.  The  remainder  is  due  to  the  interconnections. 
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The  1  ys  modulator  risetime  limits  the  lifetime  of  25  ym  thick  tantalum 
strip  emitters  to  about  104  pulses.  Thinner  emitters  have  much  shorter 
lifetimes.  The  number  of  initial  emission  sites  on  the  strip  emitter 
is  determined  by  the  initial  voltage  risetime.4  Fewer  sites  are  produced 
at  slower  voltage  risetimes.  Hence,  more  emission  per  site  and  more 
local  emitter  errosion  occur. 

The  modulator  output  waveforms  for  single  shot  and  repetitive 
operation  at  170  kV  charging  voltage  are  compared  in  Figure  7.  The 
higher  amplitude  traces  for  both  gun  voltage  and  current  are  single 
shot  data;  the  lower  amplitude,  wider  traces  are  50  superimposed  pulses 
at  a  50-Hz  rate.  The  amplitude  reduction  of  about  20%  is  caused  by  the 
high  power  supply  impedance  resulting  in  recharge  time  exceeding  the 
interpulse  interval.  The  12%  amplitude  jitter,  estimated  from  the 
width  of  the  trace,  is  due  to  the  SCR  controller  in  the  Megavolt,  Inc. 

250  kV,  2A  power  supply.  The  recharge  cycle  consists  of  a  train  of 
current  pulses  at  a  720-Hz  rate  which  produces  a  staircase  PFN  charge 
voltage.  When  the  firing  time  is  unsynchronized  to  the  charging  wave¬ 
form,  the  PFN  voltage  can  be  at  a  different  step  for  each  pulse.  This 
amplitude  jitter  can  be  greatly  reduced  by  operating  the  modulator  at 
a  repetition  rate  exactly  a  submultiple  of  720  Hz  and  synchronizing 
firing  time  to  line  frequency.  The  time  jitter  was  in  the  order  of 
200  nsec.  At  a  power  supply  setting  of  170  kV  the  PFN  recharge  voltage 
at  50  Hz  was  about  135  kV  and  the  average  current  was  3A. 

Conclusions 

The  modulator  described  in  this  paper  successfully  drives  a  cold- 
cathode  electron  beam  gun  at  50  Hz.  Comparable  single  shot  laser 
behavior  has  been  obtained  with  both  the  Blumlein  modulator  and  a  two 
stage  Marx-generator  operating  at  the  same  4.6  kJ  energy  storage.  Work 
is  being  performed  to  optimize  laser  output  by  tailoring  the  impedance 
characteristics  of  some  of  the  network  sections  to  improve  gun  perform¬ 
ance.  The  technique  has  been  established  in  a  low  voltage  simulation 
circuit  using  an  electron  beam  bombarded  semiconductor  as  a  time  varying 
load.  The  simulated  load  does  not  precisely  match  gun  characteristics; 
hence,  actual  modulator  changes  must  be  varied  emperically.  Considera¬ 
tion  is  also  being  given  to  adding  a  peaking  circuit  consisting  of  a 
low  inductance  capacitor  and  spark  gap  at  the  gun  connection  to  increase 
the  initial  rate  of  application  of  voltage  to  the  gun  and  hence,  increase 
emitter  lifetime. 
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Figure  5.  Single 
Shot  Gun  Voltage 
and  Gun  Current  at 
125  kV  and  175  kV 
Modulator  Charge 
Voltage 


Figure  6.  Temporal 
Behavior  of  Gun 
Impedance  at 
125  kV  and  175  kV 
Modulator  Charge 
Voltage 


Figure  7.  Single 
Shot  and  50  Hz 
Repetitive  Pulse 
Gun  Voltage  and 
Gun  Current  at 
170  kV  Modulator 
Charge  Voltage. 
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